Introduction
============

Melanoma is a common solid malignant tumor that has a high frequency of metastasis and relapse; in 2018, 287,723 new cases of melanoma and 60,712 deaths were registered worldwide, ranking as the 21^st^ most common type of cancer worldwide ([@b1-ol-0-0-11983]). High incidence of melanoma has become a serious threat to human health worldwide. Traditional therapeutic interventions including chemotherapy, radiotherapy and surgery cannot effectively increase the overall survival time of patients with melanoma, particularly those in advanced stages ([@b2-ol-0-0-11983]). Thus, it is crucial to find novel strategies to further improve the outcome of melanoma therapy.

Evodiamine (EVO), a quinolone alkaloid derived from the fruit of *Evodia rutaecarpa* (Chinese name, Wu-Zhu-Yu) that has been used in traditional Chinese medicine to treat headache and gastrointestinal disorders ([@b3-ol-0-0-11983]), has been demonstrated to exert various biological effects including testosterone secretion ([@b4-ol-0-0-11983]), catecholamine secretion ([@b5-ol-0-0-11983]), antinociceptive ([@b6-ol-0-0-11983]), anti-inflammatory ([@b7-ol-0-0-11983]), antiobesity ([@b8-ol-0-0-11983]), vasodilatory ([@b9-ol-0-0-11983]), thermoregulatory ([@b10-ol-0-0-11983]) and uterotonic ([@b11-ol-0-0-11983]) effects. Numerous studies have revealed that EVO exhibited antitumor activity by inhibiting the proliferation, inducing cell cycle arrest and apoptosis, and decreasing the invasion and migration of a variety of tumor cells ([@b12-ol-0-0-11983]--[@b18-ol-0-0-11983]). In addition, the cytotoxicity of EVO is tumor-specific, as demonstrated by EVO inducing limited toxicity in normal human peripheral blood cells ([@b14-ol-0-0-11983]).

Reactive oxygen species (ROS), which have been aptly described as a heterogeneous group of diatomic oxygen from free and non-free radical species, have been implicated as mediators of various biological processes, such cell proliferation, inflammation and aging ([@b19-ol-0-0-11983]). Depending on the levels, ROS is referred to as a 'double-edged sword' in tumor cells: Persistent high levels of ROS compared with normal cells often leads to increased cell proliferation and adaptive responses that may contribute to tumorigenesis, metastasis and treatment resistance; however, further exposure to exogenous ROS results in tumor cell death ([@b20-ol-0-0-11983],[@b21-ol-0-0-11983]). Redox biology, especially ROS, serves a central role in all aspects of melanoma pathophysiology, including initiation, progression and metastasis ([@b22-ol-0-0-11983]). EVO induces oxidative stress by increasing ROS generation, as demonstrated by previous studies ([@b23-ol-0-0-11983],[@b24-ol-0-0-11983]); however, the association between ROS and EVO-induced cell death remains unclear.

The present study aimed to investigate the effects of EVO in human melanoma A-375 cells and the roles of ROS in EVO-induced cell death.

Materials and methods
=====================

### Reagents

EVO was supplied by MedChemExpress and was dissolved (50 mM) in dimethyl sulfoxide (DMSO) and stored at −80°C. The concentration of DMSO used for control treatments was based on the highest concentration of EVO in each experiment. All other reagents were purchased from Sigma-Aldrich; Merck KGaA, with the exception of Z-VAD-fmk and Nec-1, which were also purchased from MedChemExpress.

### Cell culture

A-375 cells was obtained from the National Infrastructure of Cell Line Resource and maintained under standard culture conditions (37°C, 5% CO~2~) in RPMI-1640 medium with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.).

### CCK-8 cell viability assay

A-375 cells were seeded into a 96-well plate at 1×10^4^ cells per well with 100 µl culture medium and cultured at 37°C with 5% CO~2~. A-375 cells were treated with DMSO or 5--15 µM EVO for 24, 48 and 72 h, or pretreated with 100 µM Z-VAD-fmk, 50 µM Nec-1 or 2,000 U/ml catalase for 1 h prior to treatment with 10 µM EVO for 24 h. After treatment, the medium was replaced with 10% Cell Counting Kit-8 (Dojindo Laboratories)-containing medium and incubated for 2 h at 37°C with 5% CO~2~. Following incubation, the plates were scanned using a Power Wave XS microplate reader (BioTek Instruments, Inc.), and the absorbance at 450 nm was recorded.

### Determination of intracellular ROS

Intracellular ROS levels were determined using a DCFH-DA kit (Beyotime Institute of Biotechnology). In brief, A-375 cells were seeded in the 6-well plates (2×10^5^ cells/well) and treated with DMSO, 10 µM EVO or 2,000 U/ml catalase for 24 h, or pretreated with catalase (2,000 U/ml, 2 h pre-treatment) and incubated in the medium containing 10 µM EVO and 2,000 U/ml catalase for 24 h. After treatment, the cells were harvested by trypsinization and centrifugation (120 × g for 5 min at 4°C), incubated with 50 µM DCFH-DA solution at 37°C in the dark for 30 min and subjected to analysis using a BD Accuri C6 flow cytometer with BD Accuri C6 software v1.0.264.21 (BD Biosciences).

### Cell cycle and apoptosis assays

A-375 cells were seeded in 6-well plates (2×10^5^ cells/well) and treated with DMSO or 10 µM EVO for 24 h. After treatment, the cells were harvested by trypsinization and centrifugation (120 × g for 5 min at 4°C), and fixed with 70% ethanol at 4°C for ≥12 h. After rinsing twice with phosphate buffer solution (PBS), the cells were re-suspended in a DNA staining solution containing 40 mg/ml propidium iodide (PI) and 0.1 mg/ml RNase (Beyotime Institute of Biotechnology) at room temperature in the dark for 30 min. The cells were analyzed with a BD Accuri C6 Flow Cytometer (BD Biosciences) equipped with the FlowJo software (FlowJo vX; FlowJo LLC). Then, the cell cycle distribution was determined.

For the apoptosis assay, A-375 cells were treated with DMSO (24 h), or EVO (10 µM) for 12 and 24 h, then the cells were harvested by trypsinization and centrifugation (120 × g for 5 min at 4°C). After rinsing twice with PBS, the cells were re-suspended in a solution containing Annexin-V and PI (EpiZyme Biotech), and the cells were analyzed with a BD Accuri C6 Flow Cytometer and BD Accuri C6 software.

### Western blot analysis

A-375 cells were seeded in the 10-cm dishes (1.2×10^6^ cells/dish). The cells were treated with DMSO for 24 h or with 10 µM EVO for 3, 6, 9, 12 and 24 h. After treatment, the cells were rinsed with PBS (4°C). The cells were lysed with RIPA lysis buffer (Beyotime Institute of Biotechnology) at 4°C for 30 min and centrifuged (12,000 × g) at 4°C for 15 min. For each treatment group, 40 µg protein determined using BCA assay (Beyotime Institute of Biotechnology) was separated by SDS-PAGE (10-12% gel) and transferred to a PVDF membrane. After blocking in 5% non-fat milk for 1 h, the membrane was incubated with the primary antibodies at 4°C overnight, with the exception of β-actin, which was used for an incubation of 1 h at room temperature. The antibodies against phosphorylated (p-) cell division cycle (cdc) 2 (cat. no. 9114), cdc2 (cat. no. 77055), cyclin B1 (cat. no. 12231), cdc25C (cat. no. 4688), caspase-3 (cat. no. 14220), caspase-9 (cat. no. 9502), poly (ADP-ribose) polymerase 1 (PARP-1; cat. no. 9532), BCL2 (cat. no. 4223), BAX (cat. no. 5023), p-receptor-interacting serine/threonine kinase (RIP; cat. no. 65746), RIP (cat. no. 3493), p-RIP3 (cat. no. 93654) and RIP3 (cat. no. 13526) were purchased from Cell Signaling Technology, Inc., and the antibody against β-actin (cat. no. AC028) was purchased from ABclonal Biotech Co., Ltd. The primary antibodies were diluted (1:1,000) with TBS-0.5% Tween-20 (TBS-T) buffer with 5% BSA (Beyotime Institute of Biotechnology), with the exception of horseradish peroxidase (HRP)-conjugated β-actin, which was diluted (1:5,000) with TBS-T buffer with 5% non-fat milk. The secondary antibody, HRP Goat Anti-Rabbit IgG (H+L) (cat. no. AS014), was purchased from ABclonal Biotech Co., Ltd., and diluted (1:5,000) with TBS-T buffer with 5% non-fat milk. The signals were detected using an enhanced chemiluminescence system (Beijing Kechuang Ruixin Biotechnology Co., Ltd.) and quantified by ImageJ software (v1.8.0; National Institutes of Health). Representative blots and quantification from three independent experiments are presented in the figures.

### Mitochondrial membrane potential (Δψm) assay

Similar to the cell cycle assay, A-375 cells were harvested, and a Mitochondrial Membrane Potential Assay kit with JC-1 (Beyotime Institute of Biotechnology) was used for the analysis of Δψm according to the manufacturer\'s instructions. J-aggregates emitted red fluorescence in cells with a high Δψm, whereas the JC-1 monomer emitted green fluorescence in cells with a low Δψm. The value of Δψm was expressed as the ratio of red to green fluorescence intensity.

### Statistical analysis

Data are presented as the mean ± standard error. Statistical analysis was performed by GraphPad Prism 7 software (GraphPad Software, Inc.) using Student\'s t-test for two-group comparisons or one-way ANOVA followed by Dunnett\'s post hoc test for comparisons between treatment and control groups or by Tukey\'s test for comparisons among multiple groups. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### EVO inhibits A-375 cell proliferation

A CCK-8 assay was used to evaluate the effects of EVO on the proliferation of human melanoma A-375 cells. As presented in [Fig. 1](#f1-ol-0-0-11983){ref-type="fig"} and [Table SI](#SD1-ol-0-0-11983){ref-type="supplementary-material"}, EVO inhibited cell proliferation in a dose- and time-dependent manner, and 10 µM was selected for further experiments.

### EVO induces G~2~/M cell cycle arrest in A-375 cells

Since cell cycle arrest serves an important role in cell proliferation inhibition, the cell cycle was assessed using flow cytometry in the present study. As presented in [Fig. 2A](#f2-ol-0-0-11983){ref-type="fig"}, the cell cycle of A-375 cells exposed to EVO (10 µM, 24 h) was selectively arrested in the G~2~/M phase. Further results demonstrated that EVO treatment appeared to increase the phosphorylation levels of cdc2 at 3 and 24 h compared with those in the DMSO control, indicating that EVO may activate the cdc2/cyclin B1 complex. Additionally, following EVO exposure, the protein level of unphosphorylated cdc25C (interphase cdc25C, 60 kDa) was attenuated, and a slower migration form of cdc25C (mitotic cdc25C, 75 kDa) appeared to increase over time ([Fig. 2B](#f2-ol-0-0-11983){ref-type="fig"}), which suggested that EVO selectively induced G~2~/M phase cell cycle arrest by activating the cdc2/cyclin B1 complex.

### EVO induces apoptosis in A-375 cells

Apoptosis was assessed by flow cytometry with Annexin-V/PI staining. As presented in [Fig. 3A](#f3-ol-0-0-11983){ref-type="fig"}, the percentage of Annexin-V-FITC-positive cells in A-375 cells exposed to EVO was higher compared with that in DMSO-treated cells, indicating that EVO induced apoptosis in A-375 cells. In addition, compared with those in the DMSO group, activated (cleaved) caspase-3, caspase-9 and PARP1 appeared to increase over time in cells exposed to EVO ([Fig. 3B](#f3-ol-0-0-11983){ref-type="fig"}), confirming that EVO induced apoptosis. The protein level of BAX, which is involved in intrinsic apoptosis, was upregulated following EVO treatment ([Fig. 3C](#f3-ol-0-0-11983){ref-type="fig"}), and a significant decrease in the BCL2/BAX ratio was observed in cells exposed to EVO compared with that in DMSO-treated cells ([Fig. 3C](#f3-ol-0-0-11983){ref-type="fig"}), indicating that intrinsic apoptosis may be involved in EVO-induced cell death. EVO exposure also induced significant Δψm dissipation compared with that in the DMSO group, indicating that mitochondrial outer membrane permeabilization (MOMP) occurred in A-375 cells exposed to EVO ([Fig. 3D](#f3-ol-0-0-11983){ref-type="fig"}).

### EVO induces necroptosis in A-375 cells

In addition to apoptosis, the present study examined another type of regulated cell death, necroptosis, which generally manifests with a necrotic morphological type and depends on the sequential activation of RIP, RIP3 and mixed lineage kinase domain-like pseudo kinase (MLKL) ([@b25-ol-0-0-11983],[@b26-ol-0-0-11983]). As presented in [Fig. 4](#f4-ol-0-0-11983){ref-type="fig"}, the phosphorylation levels of RIP and RIP3 were increased following evodiamine treatment, indicating that RIP and RIP3 were activated to precipitate necroptosis in cells exposed to EVO.

### EVO induces cell death via ROS generation in A-375 cells

In order to confirm that the apoptosis and necroptosis involved in EVO-induced cell death, the pan-caspase inhibitor Z-VAD-fmk and the RIP1 inhibitor Nec-1 were used, and no significant differences were observed between the EVO and EVO+Z-VAD-fmk or EVO+Nec-1 groups, which revealed that neither Z-VAD-fmk nor Nec-1 attenuated the cytotoxicity of EVO ([Fig. 5A](#f5-ol-0-0-11983){ref-type="fig"}). However, this did not suggest that apoptosis or necroptosis was not involved in EVO-induced cell death, but indicated that EVO cytotoxicity was a complicated process.

In order to elucidate the mechanism of cell death induced by EVO in A-375 cells, ROS levels were assessed in the present study. The results revealed that EVO treatment (10 µM, 24 h) increased ROS generation compared with that in DMSO-treated cells ([Fig. 5B](#f5-ol-0-0-11983){ref-type="fig"}). In addition, catalase, which quenches ROS ([@b27-ol-0-0-11983]), significantly attenuated the EVO-induced ROS generation and consequent cell death ([Fig. 5B and C](#f5-ol-0-0-11983){ref-type="fig"}), indicating that ROS may serve an important role in EVO-induced cell death.

Discussion
==========

EVO, a major quinazoline carboline alkaloid in *Evodia rutaecarpa*, exerts cytotoxic effects on different types of human cancer cells, including leukemic T-lymphocytes ([@b12-ol-0-0-11983]), melanoma ([@b13-ol-0-0-11983]), breast ([@b14-ol-0-0-11983]), prostate ([@b15-ol-0-0-11983]), cervical ([@b16-ol-0-0-11983]), colon ([@b17-ol-0-0-11983]) and lung ([@b18-ol-0-0-11983]) cancer cells. However, the underlying mechanism of EVO-induced cell death has not been fully elucidated. The present study investigated the biological effects of EVO in human melanoma A-375 cells.

The effect of EVO on A-375 cell proliferation was assessed using a CCK-8 assay in the present study, and the results revealed that EVO inhibited cell proliferation in a dose- and time-dependent manner. Several previous studies have proposed that EVO induces cell cycle arrest at the G~2~/M phase ([@b15-ol-0-0-11983],[@b24-ol-0-0-11983],[@b28-ol-0-0-11983]), which was in agreement with the results of the present study. Cell cycle progression is controlled by various classes of cyclins, cyclin-dependent kinases and other regulatory proteins ([@b29-ol-0-0-11983]). Among them, the activated cdc2/cyclin B complex regulates the progression of the cell cycle from the G~2~ to the M phase ([@b30-ol-0-0-11983]). In the present study, EVO treatment upregulated the phosphorylation levels of cdc2 at Thr161 compared with those in DMSO-treated cells, but had no effects on the total levels of cdc2 protein, indicating that EVO may activate cdc2. In addition, EVO exposure upregulated cyclin B1 protein levels, which suggested that EVO may induce G~2~/M arrest by activating the cdc2/cyclin B1 complex. Activated cdc25C dephosphorylates cdc2 on Thr14 and Tyr15 and triggers the activation of the cdc2/cyclin B1 complex ([@b31-ol-0-0-11983]). In the present study, EVO exposure upregulated the levels of p-cdc25C and downregulated the levels of unphosphorylated cdc25C compared with those in the DMSO group, indicating that cdc25C may be activated by EVO to activate cdc2. These results suggested that EVO may induce G~2~/M phase arrest in A-375 cells by activating the cdc2/cyclin B1 complex.

Apoptosis, which is a type I form of cell death classified by macroscopic morphological alterations, serves an important role in EVO-induced cell death in colorectal cancer ([@b32-ol-0-0-11983]) and hepatocellular carcinoma ([@b33-ol-0-0-11983]) cells; consistently, in the present study, EVO exposure significantly upregulated the apoptotic rate of human melanoma A-375 cells compared with that in DMSO-treated cells. There are two forms of apoptosis, extrinsic and intrinsic, which may be involved in EVO-induced cell death as demonstrated by the results of the present study. Intrinsic apoptosis is also termed 'mitochondrial apoptosis', as irreversible MOMP is the crucial step for intrinsic apoptosis ([@b34-ol-0-0-11983]). MOMP is controlled by members of the BCL2 apoptosis regulator protein family ([@b35-ol-0-0-11983]). MOMP is mediated by BAX and/or BCL2 antagonist/killer 1 in response to apoptotic stimuli ([@b36-ol-0-0-11983]). By contrast, MOMP is antagonized by antiapoptotic members of the BCL2 family, such as BCL2 ([@b35-ol-0-0-11983]). In the present study, EVO treatment significantly upregulated the ratio of BCL2/BAX protein levels compared with those in the DMSO-treated control group, indicating that EVO may induce MOMP in A-375 cells. In addition, MOMP directly promotes the cytosolic release of apoptogenic factors normally located in the mitochondrial intermembrane space ([@b36-ol-0-0-11983]). The released mitochondrial protein somatic cytochrome c binds to apoptotic peptidase-activating factor 1 and pro-caspase-9 to form the supramolecular complex referred to as apoptosome, which is responsible for caspase-9 activation ([@b37-ol-0-0-11983]). Activated caspase-9 can catalyze the proteolytic activation of executioner caspases, caspase-3 and −7, which are the enzymes responsible for cell demolition during intrinsic and extrinsic apoptosis in mammalian cells ([@b38-ol-0-0-11983]). In the present study, EVO treatment induced a significant Δψm dissipation and activation of caspase-9 and caspase-3 compared with that in DMSO-treated cells, indicating that EVO may induce MOMP and consequent intrinsic apoptosis in A-375 cells.

Activation of PARP1 was also observed in A-375 cells exposed to EVO in the present study. PARP1 is a specific component of the DNA damage response machinery, and its activation induces the accumulation of poly (ADP-ribose) polymers and poly (ADP-ribosylated) proteins in the mitochondria, resulting in Δψm dissipation and MOMP ([@b39-ol-0-0-11983]). The binding of the poly (ADP-ribose) polymers to apoptosis-inducing factor mitochondria associated 1 (AIF) promotes the release of AIF into the cytosol and its translocation into the nucleus, where it mediates DNA fragmentation and chromatin condensation ([@b39-ol-0-0-11983]). This form of cell death induced by the consequent activation of PARP1 and AIF is known as caspase-independent apoptosis, currently termed 'parthanatos' by the Nomenclature Committee on Cell Death ([@b40-ol-0-0-11983]).

The present study also revealed that in human melanoma A-375 cells, EVO exposure induced the upregulation of RIP and RIP3 phosphorylation compared with that in DMSO-treated cells, indicating that necroptosis may also be involved in EVO-induced cell death. The inhibitors of caspase (Z-VAD-fmk) and RIP (Nec-1) were selected to confirm that apoptosis and necroptosis were involved in EVO-induced cell death in the present study. However, Z-VAD-fmk and Nec-1 both failed to rescue A-375 cells from the cell death induced by EVO. Of note, increasing evidence has indicated that the pharmacologic inhibition of the processes which are commonly considered necessary for cell death execution often does not avoid cellular demise, but alters its biochemical and morphologic manifestations ([@b41-ol-0-0-11983]). Thus, the inhibitors of caspase (Z-VAD-fmk and broad-spectrum caspase inhibitors), PARP1 and RIP (Nec-1) may fail to reverse cell death induced by pharmacologic interventions despite significantly blocking the activation of caspases, PARP1 and RIP ([@b42-ol-0-0-11983]--[@b44-ol-0-0-11983]). However, the proportion of cells eventually succumbing to regulated cell death (RCD) does not change ([@b41-ol-0-0-11983]). Thus, the results of the present study suggested that Z-VAD-fmk or Nec-1 may block the corresponding cell death phenotype and cause the switch towards another type in EVO-induced cell death.

Early-stage biochemical processes, declining ATP levels and redox alterations in RCD can be reversed to restore cellular homeostasis ([@b41-ol-0-0-11983]). In the present study, ROS generation was observed in A-375 cells exposed to EVO, and catalase significantly attenuated EVO-induced ROS generation and cell death, which indicated that ROS may serve an important role in EVO-induced cell death. In conclusion, the present study demonstrated that EVO induced apoptosis and necroptosis in human melanoma A-375 cell via a ROS-dependent pathway.
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![Evodiamine inhibits the viability of human melanoma A-375 cells. A-375 cells were treated with DMSO and evodiamine for 24, 48 and 72 h, and the cell viability was measured by Cell Counting Kit-8 assay. \*\*\*P\<0.001 vs. DMSO.](ol-20-04-11983-g00){#f1-ol-0-0-11983}

![EVO induces G~2~/M cell cycle arrest in A-375 cells. (A) PI staining assay of A-375 cells treated with DMSO or 10 µM EVO for 24 h examined by flow cytometry. (B) A-375 cells were treated with DMSO or 10 µM EVO for 3, 6, 9, 12 or 24 h, and the levels of p-cdc2 (Thr161), cdc2, cyclin B1 and cdc25C were examined by western blotting. \*\*\*P\<0.001 vs. DMSO. EVO, evodiamine; PI, propidium iodide; cdc, cell division cycle; p-, phosphorylated.](ol-20-04-11983-g01){#f2-ol-0-0-11983}

![EVO induces apoptosis in A-375 cells. A-375 cells were treated with 10 µM EVO for 12 or 24 h. (A) Annexin-V/PI staining assay. The apoptotic rates were examined by flow cytometry. (B) The protein levels of caspase-3, caspase-9, BCL2, BAX and PARP1 were examined by western blotting. (C) The BCL2/BAX protein ratios were calculated. (D) JC-1 assay. The values of Δψm were examined by flow cytometry and expressed as the ratio of red to green fluorescence intensity. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001 vs. DMSO. EVO, evodiamine; PI, propidium iodide; PARP1, poly (ADP-ribose) polymerase 1; CF, cleaved form; Δψm, mitochondrial membrane potential.](ol-20-04-11983-g02){#f3-ol-0-0-11983}

![EVO induces necroptosis in A-375 cells. A-375 cells were treated with 10 µM EVO for 24 h, and the protein levels of p-RIP, RIP, p-RIP3 and RIP3 were examined by western blotting. EVO, evodiamine; RIP, receptor-interacting serine/threonine kinase.](ol-20-04-11983-g03){#f4-ol-0-0-11983}

![EVO induces ROS-dependent cell death in A-375 cells. (A) Co-treatment with 100 µM Z-VAD-fmk or 50 µM Nec-1 did not attenuate the 10 µM EVO-induced cell death. (B) EVO increased intracellular ROS levels, which were blocked by 2,000 U/ml catalase. (C) Co-treatment with 2,000 U/ml catalase significantly attenuated EVO-induced cell death. \*\*P\<0.01 and \*\*\*P\<0.001 vs. DMSO; ^\#\#\#^P\<0.001 vs. EVO; ^§§§^P\<0.001 vs. catalase. EVO, evodiamine; ROS, reactive oxygen species.](ol-20-04-11983-g04){#f5-ol-0-0-11983}
